Abstract: Intelligent temperature-sensitive hydrogels have been synthesized using a hierarchically organized, porous silica gel as template. The organic gels were obtained by three-dimensional copolymerization of N-isopropylacrylamide and N,N'-bis(acryloyl)cystamine in the free volume of a monolith of a porous silica gel. After characterization, the silica matrix was dissolved in alkali. Unexpectedly, the remaining organic polymer showed similar properties to a gel obtained in homogeneous solution. The shape of the inorganic mould was retained in the purely organic hydrogel even after dissolution of the inorganic part and it showed the ability to collapse under enhanced temperatures. The collapse rate of the gel prepared via the template synthesis was much higher compared to gels prepared conventionally.
Introduction
Hydrogels are hydrophilic three-dimensional polymer networks, containing water or other biological fluids. Stimulus-sensitive hydrogels undergo volume changes in response to external stimuli, such as ionic strength, pH, temperature, electric current, light, mechanical force, etc. [1] [2] [3] [4] . These features of smart gels make them increasingly attractive for biotechnological and/or medical applications. [5] Incorporation of various particles in these gels often imparts them with new properties. Gels with entrapped magnetic particles are responsive to magnetic fields [6] , gels containing clays have improved mechanical and adsorption properties [7] . Gels having isolated pores filled with water effectively trap linear macromolecules [8] and low-molecular-weight multi-charged ions [9] [10] . Nevertheless, together with these advantages, the extensive study of smart gels demonstrated principal imperfections hampering their applications. In particular, gels synthesized in homogeneous conditions usually have rather poor transport properties and long response times towards external stimuli. These properties are especially important when the gels are used for entrapping cells implantable in living organism. One example is displayed in the attempts to implant insulin-producing cells under the skin of humans [11] . Low rates of response can be improved by several routes such as polymerization above the lower critical solution temperature (LCST), or using a pore forming agent. Chu et al. published a short overview on some techniques of the preparation of porous gels [12] . Cryogenic gelation techniques lead to highly porous gels with interconnecting voids such as channels with sizes of 10 − 1000 µm. The first reported representatives of thermo-responsive cryogels were those based on cross-linked N,N-diethylacrylamide [13] , [14] and cross-linked poly(Nisopropylacrylamide) (PNIPA) [15] .
Another approach to the design of porous organic gels is based on template technologies that are widely used in the preparation of micro-and nanoobjects [16] . Synthesis of nanorods, nanotubes, nanowires, etc. is often based on the use of templates or nanoreactors such as pores or cavities in different substances or self assembled organic molecules, for instance surfactants, helix macromolecules, porous silica, etc. A periodically ordered interconnecting porous structure was obtained for thermo-sensitive hydrogels by using silica colloidal crystals as mesoscopically sized templates [17] , [18] . The interconnected porous structure provides a fast response to the change in temperature for reversible swelling and shrinking of the hydrogels. The goal of this work is to develop a new smart porous gels using novel porous silica with a carefully designed bimodal pore structure as the template for the formation of organic gels. With the inorganic matrix comprising pores in the nanometer as well as in the micrometer length scale, one prerequisite for a successful preparation of an interconnected organic negative of the inorganic matrix is the ability to penetrate the nanometer-sized pores.
In this work, the first steps were devoted to the synthesis of the appropriate inorganic matrix. We have previously developed a new attempt to the synthesis of silica matrixes via sol-gel processing of a glycolated silane in purely aqueous conditions. This silane (tetrakis(2-hydroxyethyl)orthosilicate) offers the advantage of being miscible with water without the presence of a homogenizing solvent, e.g. alcohols and a high compatibility with lyotropic surfactant phases. Thus the sol-gel process is optimized for phase separation on different length scales, resulting in gels that exhibit rather uniform macropores of about 1 m and periodically arranged mesopores of 9 nm. The next step of the work was the synthesis of organic-inorganic hybrid material with the PNIPA gel entrapped in the silica pores. After dissolution of silica, a purely organic monolith built from a PNIPA gel was obtained that was investigated in detail with respect to its properties. Table 1 shows the gravimetric analysis of the initial silica gels and the final PNIPA gels.
Results and discussion

Gravimetric analysis
Tab. 1. The weights of the dry porous silica gels (m SiO2 ), the weight of the swollen organic hydrogel after dissolution of silica at 21°C (m s ) and after drying of the porous PNIPA gels (m d ). The weight of the dry porous silica gels, the weight of the hydrogels after dissolution of the template and the weight of dry PNIPA gels are given. At equilibrium the structured PNIPA hydrogels synthesized inside the silica gel 1 and silica gel 2 contain 1.46 wt.-% and 2.12 wt.-% of PNIPA, respectively. These data show that structured PNIPA hydrogels do not contain the remnants of silica gels.
Interior morphology of the silica gels and PNIPA hydrogels
The interior morphologies of silica gels are shown in Fig. 1a and 1c . As illustrated in the pictures, the silica gels have very regular porous structures. The average size of pores was measured by Photoshop. The pores sizes of silica gel 1 and silica gel 2 are of about 80 nm and 2 µm, correspondingly. The observed difference in the size of the pores is due to the conditions of synthesis, namely the concentration of HCl (0.1 M and 1 M). SEM micrographs of the conventional and structured PNIPA gels were also obtained. Fig. 1 demonstrates structures of the PNIPA gel 1 (b) and PNIPA gel 2 (d). As the pictures show, the PNIPA gels synthesized using silica gel monoliths have regular porous structures. From the pictures it follows that the pores of the silica gels and structured PNIPA hydrogels are interpenetrating. As it has been mentioned above, the samples of hydrogels were dried at room temperature before performing SEM investigations. We estimate that the size of pores of the hydrogels vary insignificantly after drying. The diameters of the pores of the hydrogels synthesized using silica gel 1 (Fig. 1b ) and silica gel 2 ( Fig. 1d ) are equal to 250 nm and 8 µm, respectively. Hence, the size of pores of PNIPA hydrogels depends on pores size of silica gel monolith. For comparison a picture of conventional gel was obtained (Fig. 2) . As it can be seen, no porous structure is observed for this gel. The bimodal pore size distribution of the silica gels also follows from the comparison of the data obtained by mercury porosimetry and nitrogen sorption. The data listed in Tab. 2. Structural parameters of the template silica gels and PNIPA infiltrated silica gels. Nitrogen sorption data also demonstrate the presence of PNIPA within the tubesthe values of specific surface area for silica gels containing the polymer are much smaller in comparison with pure silica gels.
The structure of mesopores Fig. 3 shows SAXS profiles obtained from the silica gels, silica gels with PNIPA, structured PNIPA gels and of the conventional PNIPA gels. 
The presence of sharp peaks in the profiles obtained from the silica gels and silica gels with PNIPA manifest the formation of the highly-ordered structure of the aggregates of tubes. In contrast to these samples the profiles obtained from the structured PNIPA gel 1 and 2 synthesized via template synthesis provide no maximum. The structural characteristics of the ordered domains in the silica gels with and without PNIPA are listed in Table 3 . In contrast to the size of macropores, the diameter of mesopores is about 9 nm and practically does not depend on the conditions of silica gels synthesis. The length of the ordered elements is high for all silica gels and approaches 170 -200 nm. Unexpectedly the presence of PNIPA in silica gels increases slightly the values of the parameter L. The latter effect is probably due to higher contrast of the nanotubes containing polymer. The relative positioning of the peaks observed for SAXS patterns manifests the formation of 2D-hexagonal structure of the ordered domains in silica gels.
It is not clear why the highly-ordered silica gel template does not lead to the gel replica providing similar SAXS patterns. One possible reason is that in the process of gel synthesis and dissolution of silica the gel undergoes hydrolysis by alkali. Due to this the gel micropores get negative charge and their highly-ordered oriented structure disappears. A more detailed structural study of different gels will be performed in the near future.
FTIR spectra of silica gels and PNIPA hydrogels
Presence of organic functional groups can be verified by several methods. For characterization of the silica gels 1 and 2 the FTIR spectra of samples dried at 40 °C were obtained (Fig. 4) . The broad absorption band between 4000 and 3000 cm The polymer networks of the gels demonstrate basically the same absorption peaks. A summary of the IR frequency positions and their assignments is listed in Table 4 .
The obtained results prove that after the removal of inorganic component the remaining polymer network consists mainly of PNIPA.
Temperature-dependent swelling ratio of PNIPA hydrogels
Fig . 6 shows the classical temperature-dependent swelling behavior of the PNIPAbased hydrogels when the temperature of the aqueous media increased from 23 to 60 °C. The swelling ratios of structured hydrogels are significantly larger than the swelling ratios of conventional hydrogels at room temperature. This effect is due to low cross-linking between the filaments of the gel isolated by the silica walls during the synthesis. The microporous structure will lead to a large swelling ratio at room temperature. From this figure, we find that when the temperature is increased, the swelling ratio F T of structured hydrogels decreases quickly, and finally the swelling ratio is less than that of the conventional hydrogel at the temperatures above the LCST.
Fig. 6. The temperature dependences of swelling ratios of the conventional (-■-), structured PNIPA hydrogels 1 (-♦-) and 2 (-•-).
Deswelling kinetics of PNIPA hydrogels
Deswelling kinetics of the conventional and structured PNIPA hydrogels were determined gravimetrically as a function of time. Fig. 7 illustrates the deswelling kinetics of the PNIPA gels synthesized using different silica gels and conventional hydrogel after a temperature jump from the equilibrium swollen state at 23 °C to the water at 40 °C. From Fig. 7 it can be seen that the structured PNIPA hydrogels loose water dramatically within 5 min. As it is well known, isopropyl groups in the PNIPA side chain play an important role in the temperature dependent hydrophobic aggregation in water, which cause a phase separation above its LCST. When a NIPA-based hydrogel is placed in water above LCST, shrinking immediately starts at the gel surface due to the free mobile nature of the surface. Then a dense polymer skin layer at the surface of the gel is formed, preventing water to flow out of the gel. The dramatically faster response rate of the structured PNIPA hydrogels compared with the conventional one was attributed to their unique regular, oriented and interconnected porous network structure. As shown and discussed above, the porous structure of the structured PNIPA hydrogels were predetermined by the porous structure of the silica gels.
Fig. 7.
The deswelling kinetics of conventional (-■-) and structured PNIPA hydrogels 1 (-♦-) and 2 (-•-) at 40 °C.
Conclusions
A new strategy was proposed to fabricate porous fast-responsive PNIPA hydrogel using monolith of silica gel as template during the polymerization. The interior microand nanostructures of the structured hydrogels prepared within the silica gels have a far regular and oriented porous network structure. Due to the formation of numerous interconnected water channels for water diffusion in or out of the gel matrix, this oriented and regular porous network structure in the structured gel is believed to be responsible for their swelling and deswelling kinetics in water. The new method described in our work can be used to obtain the gels with micro-as well as with a nanoporous structure. 
Experimental part
Synthesis of silica gel
The synthesis of tetrakis(2-hydroxyethyl)orthosilicate was carried out in argon atmosphere. 208.33 g of tetraethylorthosilicate were mixed with 248.28 g ethylene glycol. The mixture was heated to 140 °C under vigorous stirring. Most of the generated ethanol was removed by distillation. Remaining ethanol and excess of ethylene glycol were removed by vacuum distillation and 215.24 g of a viscous paste were obtained. Thermogravimetric analysis showed a silicon content of 9.6 %. The theoretical value of a 1:4 ratio of silicon to glycol is 9.8 %.
For the synthesis of the gel monoliths, first the block copolymer was dissolved in 0.1 M (silica gel 1) or 1 M (silica gel 2) hydrochloric acid in the mass fractions of 30:70. Then a given amount of such a surfactant mixture was added to the glycolmodified silane under vigorous stirring. The composition of the final sol was chosen to be in the ratio of 8.4/100 (mass fractions) with respect to the silicon content to polymer/water/acid mixture. After homogenization, the sols were transferred to PMMA cylinders with diameters of 5 mm and kept at 40°C for gelation and aging for 3 days. The gelation time at 40°C was determined to be approximately five min to four hours in average. After several hours all gels turned opaque. The resulting gels were washed with a mixture of trimethylchlorosilane and petroleum ether (volume ratio of 10:90), dried at 200 °C and calcined at 650 °C. The obtained silica gels had a diameter of 3.2 mm, were white, free of surfactant and display highly porous structures (see also Fig. 1a) . The silica gels from surfactant solutions of different pHvalues show a difference in size of the micron-sized pores.
Synthesis of PNIPA gel via silica gel template
PNIPA hydrogels were prepared by free-radical polymerization. The polymerization of PNIPA hydrogels was carried out in distilled water solution (NIPA concentration was 8 wt.-%) in the presence of silica gels templates, using APS and TMEDA as a pair of redox initiator. BAC was used as crosslinker (2 wt.-% based on the monomer). For a template synthesis of PNIPA hydrogels the silica gels synthesized as stated above were taken. The silica monoliths were immersed into aqueous solution of monomers for 24 h at 4 °C. Thereafter the monomer solution with silica gel was placed under vacuum for 3 h. Once the pieces of the silica gel have been impregnated by monomers solution, TMEDA and APS were added, so that their concentrations in the monomers solution were 0.01 M and 0.003 M, respectively. Polymerization was carried out in closed glass vials with an internal diameter of 8 mm and height of 75 mm at room temperature for 24 h. After polymerization, the hybrid silica-PNIPA gel was mechanically separated from external PNIPA hydrogel and washed in distilled water for 3 days. To obtain pure PNIPA gels, the composite silica gels were put into 0.01 M aqueous solution of NaOH for 24 h at room temperature. The silica gel was dissolved in accordance to the reactions (1) and (2) 
After the dissolution of the solid inorganic component, a soft organic hydrogel displaying the same shape as the silica gel was obtained (Fig. 8b) . Then the gel samples were immersed in distilled water at room temperature for 3 days and the water was refreshed every day in order to wash out chemical residues.
We will call the PNIPA hydrogel prepared without inorganic template "conventional hydrogel". Whereas the PNIPA hydrogel obtained inside silica gel pores will designated as "structured PNIPA hydrogel". After the preparation of PNIPA, a detailed comparison of the conventional and structured PNIPA hydrogels with respect to structure and properties was performed.
Characterization of the gels -Gravimetric analysis
For determination of a composition of the structured PNIPA hydrogels a gravimetric analysis was applied. Analytical balance METTLER AE 260 was used for this purpose. After synthesis the hydrogels were equilibrated in distilled water at room temperature. Then the gels were removed from the water and blotted with a wet filter paper to remove excess water from the gel surface and then weighed until a constant weight (m s ) was reached. After that these swollen hydrogels were dried in the air thermostat Binder (Germany) at 40 °C for 72 h and dry PNIPA gels (m d ) were weighed.
-Scanning electron microscopy (SEM) studies of the interior morphology
The silica gels samples were dried in the air thermostat at 40 °C for 48 h. The PNIPA hydrogels were first equilibrated in distilled water at room temperature and then these swollen, equilibrated gel samples were dried at room temperature during 7days. After that these samples were placed in the air thermostat at 40 °C for 24 h. The morphology of gel pieces sputtered with AuPd was investigated by scanning electron microscope Zeiss DSM 692 operating at 15 kV.
-Pore size analysis: nitrogen sorption and mercury porosimetry Specific surface area and pores size information were obtained from nitrogen sorption at −196 °C using Quantachrome NOVA 400e. The pure silica samples were heated and evacuated at 100 °C for 3 hours prior to analysis. The samples with organic polymer were heated and evacuated at 40 °C also for 3 hours. The surface areas were obtained via a 5-point BET method in the relative pressure range of p/p 0 = 0.05 − 0.3. The information about the pore size distribution was obtained using the BJH method from the desorption branch of the isotherm.
The macropore sizes were investigated with mercury porosimetry using MACROPORES UNIT 120 and POROSIMETER 2000 by the Fisons Instruments.
-Small angle X-ray scattering Small angle X-ray scattering (SAXS) measurements of the dried gels were performed in vacuum with X-rays generated by an X-ray tube (Nanostar, Bruker AXS), collimated and monochromatized from crossed Goebel mirrors and equipped with a 2D position sensitive detector (Bruker HiStar). The samples were prepared as powders and pasted between two strips of Scotch™ tape. The SAXS patterns were radially averaged to obtain the scattering intensity dependence on the scattering vector q = 4πsin(θ)/λ, where 2θ is the scattering angle and λ = 0.1542 nm the X-ray wavelength. The average long-range order dimension L (the size of crystallites) was estimated from half maximum widths of the Bragg peaks in the diffraction patterns using the Scherrer formula [19] :
where s is the full width at half-maximum intensity of the peak (in radians) observed at the scattering angle 2 . The periodicity of the ordered motifs computed from the position of the first peak in the scattering pattern was calculated from the formula d = 2 /q 1 .
-Fourier transform infrared (FTIR) measurements
IR-spectroscopy measurements were performed on a "Bruker" "IRFS-113v" FTIR spectrophotometer equipped with a DTGS detector using samples prepared as KBr pellets. The spectra were recorded in the range of 1000 -4000 cm −1 with the resolution of 2 cm −1 .Before the measurements the originally swollen gel samples were dried (40 °C) for at least 48 h.
-Measurement of the temperature dependence of the swelling ratios For the temperature dependence study of the swelling ratios, gels were equilibrated in distilled water at temperatures ranging from 23 to 60 °C, covering the expected range of LCSTs of PNIPA gels. The samples were allowed to swell in distilled water for at least 24 h at each predetermined temperature. Gravimetry was employed to study each gel's swelling ratio. After immersion in distilled water at a predetermined temperature, the gels were removed from the water and blotted with a wet filter paper to remove the excess of water from the gel surface and then weighed until a constant weight was reached. After these measurements, the gel was reequilibrated in distilled water at another predetermined temperature and its wet weight was determined thereafter. The swelling ratio (F T ) was defined as follows:
where m T is the weight of the swollen gels at particular temperature T and m d is the dried weight of the gels.
-Measurement of deswelling kinetics
The deswelling kinetics of the hydrogels was measured gravimetrically at 40°C after wiping off the excess water from the gel surface using moistened filter paper. Before the measurement, the hydrogels were allowed to swell to equilibrium in distilled water at 23°C the mass changes of hydrogels were recorded at regular time intervals. The deswelling kinetics was defined as time-dependent swelling ratio (Ft):
where m t is the weight of the PNIPA gel at time t at 40 °C.
